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The purpose of this study was to deﬁne the spatial frequencies that underlie judgments of Landolt C orientation under test conditions
designed to favor either the magnocellular (MC) or parvocellular (PC) pathway. Contrast thresholds of two observers were measured for
brieﬂy presented Landolt Cs of four sizes, using steady- and pulsed-pedestal paradigms to bias performance toward the MC and PC
pathways, respectively. Contrast thresholds were derived from a two-alternative forced-choice orientation judgment task using the
QUEST procedure. The Landolt Cs were either low-pass or high-pass Gaussian ﬁltered with a range of cutoﬀ object spatial frequencies
(cycles per letter) to limit their frequency content. Center object frequencies were derived from plots of log contrast threshold for ori-
entation judgments vs. log ﬁlter cutoﬀ object frequency. The function relating center object frequency to Landolt C angular subtense
was nonlinear on log–log coordinates for both the steady- and pulsed-pedestal paradigms, indicating that diﬀerent object frequencies
were used to judge Landolt C orientation at diﬀerent optotype sizes. However, the function was substantially steeper under the
pulsed-pedestal than under the steady-pedestal paradigm, such that a large change in optotype size produced a relatively small change
in retinal spatial frequency (cycles per degree). The pattern of results is consistent with previously reported diﬀerences between the spatial
contrast sensitivity functions of the inferred MC and PC pathways.
 2008 Elsevier Ltd. All rights reserved.
Keywords: Contrast; Visual acuity; Landolt C; Spatial frequency; Optotype1. Introduction
The Landolt C optotype is used frequently in the clinical
evaluation of visual function. The design of the Landolt C
is identical to that of the Sloan letter C, in which the gap
width is equal to the stroke width, which in turn is 1/5
the overall optotype size (NAS-NRC, 1980). In vision test-
ing, the Landolt C is presented at one of several orienta-
tions, and the observer’s task is to judge the location of
the gap. Thus, the Landolt C lends itself well to forced-0042-6989/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2008.02.012
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E-mail address: kennalex@uic.edu (K.R. Alexander).choice psychophysical procedures. The Landolt C is used
typically to measure high-contrast visual acuity, which is
deﬁned by the threshold gap width in terms of log MAR
(minimum angle of resolution), where MAR is 1/5 the
angular subtense of the Landolt C. The Landolt C has also
been used to measure visual acuity at low contrast (Hir-
aoka, Okamoto, Ishii, Kakita, & Oshika, 2007) and con-
trast sensitivity per se (Bach, 2007; Bu¨hren, Terzi, Bach,
Wesemann, & Kohnen, 2006; Dennis et al., 2004), as well
as color discrimination (Regan, Reﬃn, & Mollon, 1994).
A fundamental issue in the use of optotypes such as the
Landolt C, or letters in general, is that they contain a broad
range of object frequencies (following Parish and Sperling
(1991), ‘‘object frequency” refers to spatial frequency in
cycles per letter [cpl], whereas ‘‘retinal frequency” denotes
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mance for spatially broad-band optotypes could poten-
tially be based on any of various object frequencies.
Nevertheless, it has often been assumed that the identiﬁca-
tion of letters is governed by a ﬁxed band of object frequen-
cies in the region of 2.5 cpl, regardless of the angular
subtense, because there are ﬁve strokes or 2.5 cycles con-
tained within each letter (e.g., Regan, Raymond, Ginsburg,
& Murray, 1981). Under this assumption, the MAR value
of letters can readily be equated to retinal frequency. For
example, a letter with a MAR value of 1 (0 log MAR or
20/20 Snellen equivalent) would correspond to 30 cpd,
because the stroke width is 1 arcmin and two strokes com-
prise a cycle.
However, studies of letter identiﬁcation have shown that
the object frequency region that mediates performance is
not constant, but instead varies with optotype size (Alexan-
der, Xie, & Derlacki, 1994; Chung, Legge, & Tjan, 2002;
Majaj, Pelli, Kurshan, & Palomares, 2002). Letters of small
angular subtense are identiﬁed on the basis of their gross
strokes (low object frequencies), whereas large letters tend
to be identiﬁed by their edges (high object frequencies).
Thus, there does not appear to be a ﬁxed relationship
between log MAR and retinal frequency for the task of let-
ter identiﬁcation.
Consistent with the results for letters, Bondarko and
Danilova (1997) observed that visually normal individuals
can discriminate gap widths in the Landolt C that, in terms
of equivalent retinal frequency, are higher than the pre-
sumed resolution limit. As a consequence, these investiga-
tors proposed that individuals base their judgments of
Landolt C orientation on an object frequency range cen-
tered on 1.3 rather than 2.5 cpl. This theoretical proposal
was derived from the observation that 1.3 cpl yields the
largest diﬀerence in the Fourier spectra for various orienta-
tions. This proposal was veriﬁed experimentally using
band-limited Landolt Cs in a study of the eﬀect of crowd-
ing on foveal visual acuity (Hess, Dakin, & Kapoor, 2000).
Consequently, as discussed by Bondarko and Danilova
(1997), visual acuity for Landolt C optotypes appears to
be based on judgments of the shape of the light distribution
in an eﬀectively low-pass ﬁltered image, rather than being a
resolution task per se. However, it is not apparent whether
the same band of object frequencies underlies measure-
ments of contrast sensitivity using Landolt Cs that are lar-
ger than the acuity limit.
In addition, there is a potentially important factor that
has not been considered previously in studies of the spatial
frequency determinants of contrast sensitivity using the
Landolt C and other spatially broad-band optotypes. This
factor is whether visual performance is mediated by the
magnocellular (MC) or the parvocellular (PC) pathway.
As demonstrated by Pokorny and Smith (1997), the MC
and PC pathways can be targeted psychophysically by
using ‘‘steady-pedestal” and ‘‘pulsed-pedestal” paradigms,
respectively. Psychophysical data acquired using these
two paradigms have the contrast response properties andtemporal integration characteristics associated with the
MC and PC pathways described electrophysiologically
(Kaplan & Shapley, 1986; Lee, 1996).
It has been observed that the contrast sensitivity func-
tion (CSF) obtained under the steady-pedestal paradigm
(inferred MC pathway mediation) is low-pass, whereas
the CSF measured using the pulsed-pedestal paradigm
(inferred PC pathway mediation) is band-pass (Leonova,
Pokorny, & Smith, 2003). This diﬀerence in CSF shape
is likely to constrain the range of object frequencies that
underlie judgments of Landolt C orientation at diﬀerent
optotype sizes. For example, if the Landolt C is rela-
tively large, then the low object frequency components
(which correspond to low retinal frequencies) are poten-
tially useful for judgments of target orientation under
test conditions that favor the MC pathway. However,
these low frequencies are attenuated and consequently
would be less eﬀective under conditions that favor the
PC pathway. Thus, the identity of the visual pathway
that mediates performance is likely to have a substantial
eﬀect on the object frequencies that underlie visual per-
formance using spatially broad-band optotypes such as
the Landolt C.
The purpose of the present study was to evaluate this
possibility by deﬁning the object frequency region that
observers use to judge the orientation of a Landolt C
across a range of optotype sizes and under conditions tar-
geting either the MC or the PC pathway. The present study
focused on the Landolt C not only because this is a com-
monly used optotype in vision testing, but also because
the Sloan letters diﬀer in their individual contrast sensitiv-
ities (Alexander, Xie, & Derlacki, 1997), which makes the
study of their spatial frequency components more problem-
atic. Nevertheless, it is likely that our results for Landolt Cs
also apply to Sloan letters in general, as discussed in Sec-
tion 4.3.
Our approach was based on the procedure of Anderson
and Thibos (1999). Contrast thresholds were measured for
Landolt Cs that were either low-pass or high-pass Gaussian
ﬁltered with a range of cutoﬀ object frequencies. The
underlying rationale is that, if a particular range of object
frequencies does not contribute to orientation judgments,
then their removal should have no eﬀect on contrast thresh-
olds. Conversely, the removal of object frequency compo-
nents that are critical to performance should result in an
elevation of the contrast threshold, thus providing an index
of the range of object frequencies that are necessary for
judgments of Landolt C orientation.2. Methods
2.1. Observers
Two males, the authors, ages 28 (S1) and 62 (S2) years, with normal
best-corrected visual acuity and contrast sensitivity, participated in the
study. S1 has normal color vision and S2 has mild deuteranomaly. All
experiments were approved by an institutional review board at the Univer-
sity of Illinois at Chicago.
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The test stimuli were Landolt Cs constructed according to standard
guidelines (NAS-NRC, 1980). They were always of positive contrast
(luminance higher than the surround), and four diﬀerent sizes were used
(0.9, 1.2, 1.5, and 1.8 log MAR, where smaller values of log MAR corre-
spond to smaller letters). In the primary experiment, the Landolt Cs were
spatially ﬁltered with either a high-pass or a low-pass two-dimensional
Gaussian ﬁlter, implemented with standard Matlab ﬁltering functions.
Eleven cutoﬀ object frequencies were used, ranging from 0.6 to 10 cpl.
Examples of low-pass and high-pass ﬁltered Landolt Cs are given in
Fig. 1A and B, respectively. In a supplementary experiment investigating
contrast sensitivity for band-pass ﬁltered Landolt Cs, the optotypes were
spatially ﬁltered using a two-dimensional cosine log ﬁlter (Peli, 1990). This
ﬁlter is symmetrical on a log spatial frequency axis, is torus-shaped in the
frequency domain, and has a bandwidth at half-height of one octave. The
cosine log ﬁlter was centered at an object frequency of 2.5 cpl, which cor-
responds to the stroke width of the Landolt C optotype. An illustration of
this band-pass ﬁltered optotype is given in Fig. 1C.
All stimuli were generated by a Macintosh G4 computer and were
displayed on an NEC monitor (FE2111SB) with a screen resolution
of 1280  1024 and a 100-Hz refresh rate, driven by an ATI RadeonFig. 1. Illustrations of a Landolt C that was either low-pass (A) or high-pass (
pass ﬁltered (C) using a cosine log ﬁlter with a center object frequency of 2.5video card (9000 Pro) with 10-bit DAC resolution. The monitor, which
was the only source of illumination in the room, was viewed monocu-
larly from 1.9 m through a phoropter with the observer’s best refractive
correction.
As shown in the center panels in Fig. 2, the test stimuli were presented
in the center of a luminance pedestal that subtended 10.4 horizontally and
8.5 vertically. The luminance pedestal was presented in the center of an
adapting ﬁeld that subtended 11.0 horizontally and 8.8 vertically. To
aid ﬁxation, four diagonal black lines that extended from the edges of
the pedestal to a region just outside of the Landolt C were presented con-
tinuously. The pedestal luminance was 30 cd/m2, and it was added to the
adapting ﬁeld, which also had a luminance of 30 cd/m2, so that the lumi-
nance of the pedestal plus adapting ﬁeld was 60 cd/m2. The luminance val-
ues used to generate the stimuli were determined by a linearized look-up
table, based on calibrations made with a Minolta LS-110 photometer.
The test stimulus duration was 30 ms (3 video frames), and the temporal
characteristics of the display were conﬁrmed using an oscilloscope and
photocell.
The contrast (C) of the unﬁltered Landolt C was deﬁned as Weber
contrast:C ¼ ðLT  LPÞ=LP; ð1ÞB) Gaussian ﬁltered using the cutoﬀ object frequencies indicated, or band-
cpl; an unﬁltered Landolt C is presented for comparison.
Fig. 2. Illustration of the stimulus conﬁgurations and temporal sequences (not to scale). For the steady-pedestal paradigm (top), a pedestal square of
incremental luminance was presented continuously against an adapting ﬁeld. The Landolt C target was presented brieﬂy during the test interval. For the
pulsed-pedestal paradigm (bottom), the adapting ﬁeld was presented continuously, and the Landolt C and pedestal square were presented brieﬂy and
simultaneously during the test interval. For both paradigms, four ﬁxation guides (diagonal lines) that terminated just outside the region of the test stimulus
were shown continuously.
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nance. Because the contrast of complex images is diﬃcult to deﬁne (Peli,
1990), a relative deﬁnition of contrast was used to characterize the ﬁltered
Landolt Cs (cf. Alexander et al., 1994; Chung et al., 2002). That is, the
contrast of the ﬁltered Landolt Cs was deﬁned relative to the unﬁltered
Landolt C target, without rescaling. Thus, for each cutoﬀ frequency, the
ﬁltered Landolt C was assigned a contrast of 1.0 when the contrast of
the unﬁltered C was 1.0, regardless of the actual spatial distribution of
the luminance values in the ﬁltered image. When the contrast of the unﬁl-
tered Landolt C was reduced by some proportion, then the contrast of the
ﬁltered image was considered to have been reduced by the same
proportion.
2.3. Procedure
Experiments were written in Matlab using the Psychophysics Toolbox
extensions (Brainard, 1997). The two testing paradigms of Leonova et al.
(2003) were used, as illustrated in Fig. 2. For the steady-pedestal paradigm
(Fig. 2, top), the luminance pedestal was presented continuously in the
center of the adapting ﬁeld. During the test period, the Landolt C was pre-
sented brieﬂy in the center of the pedestal. This paradigm is thought to
favor the MC pathway, at low to intermediate spatial frequencies and
large target sizes, because the test target is presented only brieﬂy. For
the pulsed-pedestal paradigm (Fig. 2, bottom), the pedestal and Landolt
C were presented brieﬂy and simultaneously. This paradigm is thought
to favor the PC pathway because the abrupt onset of the luminance ped-
estal drives the MC pathway toward saturation.
A 30-s period of adaptation to the adapting ﬁeld alone (pulsed-pedes-
tal paradigm) or to the adapting ﬁeld plus pedestal (steady-pedestal para-
digm) preceded each session, and a brief warning tone signaled the start of
each stimulus presentation. The observer’s task was to determine the ori-
entation of the Landolt C by pressing the appropriate button on a game-
pad. No feedback was given. The gap in the Landolt C was located
randomly either at the top or on the right on each trial (two-alternative
forced-choice). The alternatives were limited to these two because left–
right and top–bottom judgments of gap location are based on spatial
phase rather than on orientation (Bondarko & Danilova, 1997). However,
pilot testing indicated that the results would not have been fundamentally
diﬀerent if a four-alternative procedure had been used.In each testing session, all cutoﬀ object frequencies for both high-pass
and low-pass ﬁltered targets were tested for a given size under either the
steady-pedestal or the pulsed-pedestal paradigm. The paradigms, sizes,
and cutoﬀ object frequencies were selected for testing in a pseudo-random
order, and each condition was tested three times, in separate sessions.
Contrast thresholds for orientation judgments were obtained using the
QUEST procedure (Watson & Pelli, 1983), with the number of trials set
to 40 for each condition. Pilot testing had determined that the staircases
typically reached an asymptote within approximately 30 trials, but addi-
tional trials were added to ensure this was the case. In the following data
analyses, curve-ﬁtting was performed using SigmaPlot.3. Results
3.1. Eﬀect of Gaussian ﬁltering on contrast thresholds for
Landolt Cs
Figs. 3 and 4 illustrate the eﬀects of low- and high-pass
spatial ﬁltering on contrast thresholds for judging the ori-
entation of a Landolt C with a log MAR value of 1.5,
for the steady- and pulsed-pedestal paradigms, respectively.
For reference, this log MAR value corresponds approxi-
mately to the optotype size used on the Pelli–Robson con-
trast sensitivity chart. In these and the following ﬁgures,
the data are plotted separately for S1 and S2. The leftmost
and rightmost data points in each plot in Figs. 3 and 4 rep-
resent contrast thresholds for Landolt Cs that had the least
amount of spatial ﬁltering. The other data points represent
the eﬀect of successively changing the cutoﬀ object fre-
quency to remove either the low object frequencies (high-
pass ﬁltering, ﬁlled symbols) or the high object frequencies
(low-pass ﬁltering, unﬁlled symbols). In general, as the ﬁl-
ter cutoﬀ frequency was varied systematically, there was no
eﬀect on the contrast threshold until a critical object fre-
Fig. 3. Log contrast threshold for orientation judgments as a function of log object frequency cutoﬀ of a Gaussian ﬁlter for S1 (left) and S2 (right), for low-
pass ﬁltered (open symbols) and high-pass ﬁltered (ﬁlled symbols) Landolt Cs using the steady-pedestal paradigm. In this and the following ﬁgures, data
points represent the mean of three measurements, and error bars represent ± standard error of the mean (SEM), which are omitted when smaller than the
data points. The solid lines represent piecewise linear ﬁts to the data as described in the text. The dashed vertical lines indicate the point at which the two
functions crossed, which was used as the index of the center object frequency.
Fig. 4. Log contrast threshold for orientation judgments as a function of log object frequency cutoﬀ of a Gaussian ﬁlter for S1 (left) and S2 (right), for low-
pass ﬁltered (open symbols) and high-pass ﬁltered (ﬁlled symbols) Landolt Cs using the pulsed-pedestal paradigm. Other conventions are as in Fig. 3.
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frequencies resulted in a systematic elevation of the con-
trast threshold.
To quantify these results, the data in Figs. 3 and 4
were ﬁt piecewise with two linear functions using a
least-squares criterion: one region was constrained to
have a slope of 0, and the slope of the second region
was unconstrained. These functions provided a satisfac-
tory ﬁt to the data. The cutoﬀ object frequency at which
the functions crossed (indicated by the vertical dashed
lines in Figs. 3 and 4) was taken as the index of the cen-
ter of the object frequency region required for judgments
of Landolt C orientation. This point represents approxi-mately equal elevations of the contrast threshold from
those obtained with minimally low- and high-pass-ﬁltered
optotypes.
As expected (Pokorny & Smith, 1997), contrast thresh-
olds were higher overall for the pulsed-pedestal paradigm
(Fig. 4) than for the steady-pedestal paradigm (Fig. 3).
Furthermore, the center object frequency was higher for
the pulsed-pedestal paradigm (approximately 4 cpl) than
for the steady-pedestal paradigm (approximately 2 cpl).
The object frequency bandwidth, deﬁned as the distance
between the inﬂection points in the ﬁtted functions, was
approximately 1.5 octaves for both paradigms for both
subjects.
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The analysis illustrated in Figs. 3 and 4 was applied to
the data obtained at each of the four log MAR values of
Landolt C, except that the piecewise linear ﬁts were per-
formed separately for each of the three data sets obtained
for each condition, rather than for the mean results. This
yielded three estimates of the center object frequency for
each condition for each subject. The center object frequen-
cies derived from this analysis are presented in Fig. 5. This
ﬁgure plots mean log center object frequency as a function
of log reciprocal of MAR for the steady- and pulsed-pedes-
tal paradigms for each of the two observers. The x-axis is
plotted as negative log MAR to correspond to the conven-
tional orientation of a CSF, with small optotypes (high
spatial frequencies) plotted to the right. For reference,
the horizontal dashed line in Fig. 5 represents the assump-
tion that a constant center object frequency of 2.5 cpl gov-
erns orientation judgments.
For large Landolt Cs, the center object frequency was
markedly higher for the pulsed-pedestal than for the
steady-pedestal paradigm. In fact, the separation between
the curves exceeded 1 octave (i.e., >0.3 log unit) for the
largest optotype size (leftmost data points). However, as
target size decreased, the center object frequencies became
more similar for the two paradigms. Thus, there was only a
modest change in object frequency as a function of log
MAR for the steady-pedestal paradigm (i.e., approximately
0.3 log unit for the change from 0.9 to 1.8 log MAR), but
there was a substantial change in the center object fre-
quency for the pulsed-pedestal paradigm (approximately
0.6 log unit) over the same log MAR range. The mean
object frequency bandwidth for Landolt Cs, averaged
across optotype sizes and subjects, was 1.7 octaves (stan-
dard deviation, 0.7 octaves), with no systematic diﬀerence
between the results for the steady- and pulsed-pedestal
paradigms.Fig. 5. Log center object frequency as a function of log reciprocal of MAR for
either the steady-pedestal (ﬁlled squares) or pulsed-pedestal (open triangles) par
on a log scale. Curves represent the least-squares best ﬁts of Eq. (2). The dashThe data in Fig. 5 were ﬁt with the log form of the
equation:
F oc ¼ F ominð1þ ðMARcrit MARÞÞ; ð2Þ
where F oc indicates the center object frequency, and F omin
and MARcrit are ﬁt parameters controlling the vertical
and horizontal positions, respectively, on log–log coordi-
nates. This function transitions between a slope of 1 at
large optotype sizes (representing a constant retinal fre-
quency) to a slope of 0 at small optotype sizes (representing
a constant object frequency), and it provides a reasonable
ﬁt to the data. By this quantitative analysis, there was a
substantial diﬀerence between the values of MARcrit for
the steady- and pulsed-pedestal paradigms (diﬀerences of
0.6 and 0.5 log units for S1 and S2, respectively), whereas
there was only a small diﬀerence in the value of F omin (dif-
ferences of 0.06 and 0.05 log units for S1 and S2, respec-
tively). The mean values of F omin for the two subjects were
1.4 cpl for the steady-pedestal paradigm and 1.2 cpl for the
pulsed-pedestal paradigm. These values are consistent with
the value of 1.3 cpl proposed by Bondarko and Danilova
(1997) on theoretical grounds, and with the value of
approximately 1.25 cpl observed experimentally by Hess
et al. (2000).
Fig. 6 replots the data and curves of Fig. 5 in terms of
center retinal frequency rather than center object fre-
quency. This transformation was based on the relationship:
F r ¼ 12 F o
MAR
; ð3Þ
where Fr is retinal frequency in cpd, Fo is object frequency in
cpl, and MAR is 1/5 the angular subtense of the unﬁltered
Landolt C. The top x-axes in this ﬁgure indicate the nominal
retinal frequencies corresponding to the logMAR values on
the bottom x-axes, assuming that 0 logMAR equals 30 cpd.
The diagonal dashed line in Fig. 6, which replots the dashed
line of Fig. 5, represents a one-to-one relationship betweenfour sizes of Landolt C for S1 (left) and S2 (right), with data obtained using
adigm. The right y-axis indicates the center object frequency in linear units
ed horizontal line represents an object frequency of 2.5 cpl.
Fig. 6. Log center retinal frequency as a function of log reciprocal of MAR for S1 (left) and S2 (right). The data points, curves, and dashed line are
replotted from Fig. 5. The top x-axis indicates the nominal retinal frequency based on the assumption that 0 log MAR equals 30 cpd; the right y-axis
indicates the center retinal frequency in linear units on a log scale. The diagonal dashed line indicates equality between the derived and nominal retinal
frequencies.
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frequency. That is, data points falling along this line would
indicate that Landolt C orientation judgments are governed
by a constant region of object frequencies centered on 2.5 cpl
for all optotype sizes.
It is evident that the linear relationship depicted by the
dashed line in Fig. 6 does not hold for either the steady-
pedestal or the pulsed-pedestal paradigm, although the
results for the steady-pedestal paradigm lie near the dashed
line at large log MAR values. The discrepancy from the
dashed line was greatest for large Landolt Cs under the
pulsed-pedestal paradigm, where nearly a constant retinal
frequency was used regardless of optotype size. For small
Landolt Cs, the data approached a slope of 1 for both par-
adigms, so that log retinal frequency was directly propor-
tional to log MAR. Thus, a nearly constant object
frequency was employed for orientation judgments at small
optotype sizes. However, the data points for small log
MAR values of Landolt C fell below the dashed line. This
indicates that the object frequency was lower than 2.5 cpl,
consistent with the proposal of Bondarko and Danilova
(1997).4. Discussion
4.1. Object frequencies required for judgments of Landolt C
orientation
The aim of this study was to determine the object fre-
quencies that underlie judgments of Landolt C orientation
within the context of the inferred MC and PC pathways.
The results showed that the object frequency region is
not ﬁxed, but depends both on the optotype size and on
the visual pathway that is presumed to mediate sensitivity.As shown in Fig. 5, contrast sensitivity for large Landolt
Cs was based on object frequencies that were more than
1 octave higher for the pulsed-pedestal paradigm (inferred
PC pathway mediation) than for the steady-pedestal para-
digm (inferred MC pathway mediation). The object fre-
quencies became more similar under the two paradigms
when small Landolt Cs were used.
This pattern of results is consistent with the low- and
band-pass shapes of the CSFs reported previously for the
steady- and pulsed-pedestal paradigms, respectively (Leo-
nova et al., 2003). That is, under the steady-pedestal para-
digm, there is typically good sensitivity for the low object
frequency components (low retinal frequencies) contained
in large Landolt Cs, whereas sensitivity is attenuated for
these low frequency components under the pulsed-pedestal
paradigm. This requires orientation judgments to be based
on higher object frequencies under the pulsed-pedestal par-
adigm than under the steady-pedestal paradigm. For small
Landolt Cs, on the other hand, the high object frequency
components, which correspond to high retinal frequencies,
exceed the limits of the CSFs under both paradigms,
requiring that orientation judgments be based on relatively
low object frequencies. However, little orientation informa-
tion is available at object frequencies below approximately
1 cpl (Bondarko & Danilova, 1997). Thus, there is a
restricted range of useful object frequencies at small target
sizes that is similar for both paradigms.4.2. Implications for contrast sensitivity functions for the
Landolt C
The results shown in Figs. 5 and 6 have important impli-
cations for tests of contrast sensitivity that use the Landolt
C optotype, as implemented, for example, in the Freiburg
2622 J.J. McAnany, K.R. Alexander / Vision Research 48 (2008) 2615–2624visual acuity and contrast test (FrACT: Bach, 1997, 2007).
To illustrate this, Fig. 7 presents CSFs that were based on
judging the orientation of an unﬁltered Landolt C opto-
type, using the steady- and pulsed-pedestal paradigms. In
this ﬁgure, log contrast sensitivity for orientation judg-
ments is plotted with respect to the nominal log retinal fre-
quency, under the conventional assumption that 0 log
MAR equals 30 cpd. The curves in Fig. 7 are the least-
squares best ﬁts of the log form of an equation that has
been used previously to describe the CSF (Rohaly & Ows-
ley, 1993):
s ¼ AF nr epF r ð4Þ
where s is the contrast sensitivity at retinal frequency Fr, n
is a ﬁt parameter that governs the attenuation of sensitivityFig. 7. Mean log contrast sensitivity for orientation judgments using an unﬁlt
and S2 (right). The top x-axis indicates log reciprocal of MAR, and the two x-ax
the least-squares best-ﬁts of Eq. (4).
Fig. 8. Mean log contrast sensitivity for orientation judgments using an unﬁl
(right). The data points in this ﬁgure have been replotted from Fig. 7 in terms
dashed curves replot the solid curves of Fig. 7.at low frequencies, and A and p are ﬁt parameters that con-
trol the vertical and horizontal position of the function,
respectively, on log–log coordinates.
The CSF for an unﬁltered Landolt C (Fig. 7) was low-
pass under the steady-pedestal paradigm, as expected
(Leonova et al., 2003). However, the CSF under the
pulsed-pedestal paradigm was also low-pass, rather than
having the low-frequency attenuation associated with this
paradigm (Leonova et al., 2003). In fact, these CSFs for
an unﬁltered Landolt C showed a relatively constant sepa-
ration of approximately 0.6 log units at low retinal frequen-
cies before converging at high retinal frequencies.
The explanation for the unexpectedly low-pass shape of
the CSF for the unﬁltered Landolt C under the pulsed-ped-
estal paradigm is apparent if the data of Fig. 7 are replottedered Landolt C as a function of log nominal retinal frequency for S1 (left)
es have been scaled such that 0.0 log MAR equals 30 cpd. Curves represent
tered Landolt C as a function of log retinal frequency for S1 (left) and S2
of the actual retinal frequencies that were derived from our analysis. The
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formance, as derived from our analysis, rather than in
terms of the nominal retinal frequencies. This is illustrated
in Fig. 8, in which the data points from Fig. 7 have been
replotted according to the actual center retinal frequencies
derived from the ﬁtted curves in Fig. 6. For comparison,
the dashed curves in Fig. 8 are the solid curves replotted
from Fig. 7. For the pulsed-pedestal paradigm, the actual
retinal frequency region that governed performance for
large Landolt Cs remained nearly constant despite substan-
tial changes in the log MAR values. Thus, the low-pass
shape of the CSF for the pulsed-pedestal paradigm, shown
in Fig. 7, resulted from the fact that a relatively constant
retinal frequency was being tested as Landolt C size was
varied. A similar pattern was observed for the steady-ped-
estal paradigm when using large optotypes, but the devia-
tion from the nominal retinal frequency was less marked
than for the pulsed-pedestal paradigm. For small opto-
types, the actual retinal frequencies were substantially lower
than the nominal retinal frequencies for both paradigms.
This resulted in a steep decline in the CSF at small optotype
sizes compared to the curves for the nominal retinal frequen-
cies, particularly under the steady-pedestal paradigm.
The data shown in Figs. 7 and 8 indicate that the use of
a broad-band Landolt C to evaluate contrast sensitivity
can lead to inappropriate conclusions about the shape of
the CSF, because the object frequency region that governs
performance is not constant across target size. A potential
solution is to use a Landolt C that has a limited object fre-
quency content, and thus has a predictable relationship
between object and retinal frequencies. By way of illustra-
tion, Fig. 9 presents CSFs for a Landolt C that was spa-
tially ﬁltered using a cosine log ﬁlter to limit the object
frequency content to a one-octave range (see Fig. 1C).
The CSF for this band-limited Landolt C was low-pass in
shape for the steady-pedestal paradigm and band-pass forFig. 9. Mean log contrast sensitivity for orientation judgments using a cosine lo
S2 (right). The top x-axis indicates the retinal frequencies in linear units on athe pulsed-pedestal paradigm, as expected for targets lim-
ited in their frequency content (Leonova et al., 2003).
4.3. Relationship to letter identiﬁcation
Despite the fact that letter identiﬁcation is a more com-
plex task than judging the location of the gap in a Landolt
C, there are striking similarities between the CSFs for Lan-
dolt C optotypes and for those obtained previously with
the set of 10 Sloan letters (McAnany & Alexander, 2006).
First, the shapes of the CSFs for an unﬁltered Landolt C
shown in Fig. 7 are similar to results reported previously
for the Sloan letter set (McAnany & Alexander, 2006).
For both categories of optotype, the CSFs were low-pass
rather than band-pass for the pulsed-pedestal paradigm.
Second, band-pass ﬁltering of Landolt Cs (present study)
and Sloan letters (McAnany & Alexander, 2006) resulted
in CSFs that had the low-pass and band-pass shapes
expected for the inferred MC and PC pathways, respec-
tively (Leonova et al., 2003). Thus, it is likely that the same
factors that govern contrast sensitivity for orientation judg-
ments of a Landolt C also constrain contrast sensitivity
that is based on the identiﬁcation of Sloan letters.
4.4. Conclusions
It has been noted previously that the object frequency
band that underlies visual performance using spatially
broad-band stimuli is not ﬁxed but varies with optotype
size (Alexander et al., 1994; Chung et al., 2002; Majaj
et al., 2002). The present study demonstrates that the mag-
nitude of this shift in object frequency is highly dependent
on whether visual performance is mediated by the inferred
MC or PC pathway. As illustrated in Fig. 5, the change in
object frequency with Landolt C angular subtense is much
more pronounced under conditions that favor the PCg ﬁltered Landolt C as a function of log retinal frequency for S1 (left) and
log scale. Curves represent the least-squares best-ﬁts of Eq. (4).
2624 J.J. McAnany, K.R. Alexander / Vision Research 48 (2008) 2615–2624pathway. Our ﬁndings reinforce the notion that band-pass
ﬁltered optotypes are preferable to spatially broad-band
stimuli in visual function testing. This is particularly the
case under conditions that favor the PC pathway, and in
individuals with visual system dysfunction that may aﬀect
the MC and PC pathways diﬀerently (e.g., Alexander,
Barnes, & Fishman, 2005; Alexander, Barnes, Fishman,
Pokorny, & Smith, 2004).
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